This paper reveals that the length dependent friction coefficient is practically negligible and presents the actual values of angle dependent friction coefficient through a statistical analysis that is different from commonly employed methods.
INTRODUCTION
Prestressing tendons significantly affects the safety of prestressed structures. Excessive prestress, as well as insufficient prestress, can create unsafe; e.g. overstress in the tendons-arranged-compression side and the balancing tensile stress in the opposite side. Stresses in a post-tensioned prestressed concrete structure at any given cross-section are governed by the tension force acting on each tendon member in that section. Current prestressing design code takes into account applied prestressing forces at the prestressing end and the friction loss from there to the design target section. Two kinds of friction are considered: the coefficient for unit angle change and the coefficient for unit length of tendon . Previous papers have addressed . An FIP report translated and introduced by the late Inomata 1) and the paper by Okushima & Nishioka 2) in addition to the present author's contribution 3) have addressed . However, neither of the first two papers fully explained the real situation for . Based on previously conducted physical tests, the present author postulated that should be negligibly small if it even exists 3) . This paper attempts to clarify the real state of the two friction coefficients derived from one equation based on the statistical analysis of actual field data from 6,471 highway bridge strand cables (12T12.4). It was discovered that the value ranged between 0.1 and 0.6 and that was 7% of the currently used value (=0.004) at the most. This indicates that the existence of should not be practically recognized.
ISSUE OF IN DESIGN
The theoretical equation to obtain prestressing is ,
where is the angle change of the tendons. Then, the equation for estimating tendon force P can be given as
where P 0 : applied force at the applied end P : tensile force at a distance L from the prestressing applied end : angle change at a distance L from the prestressing applied end (radians)
However, the tendon force P in the current design is determined from the equation
The ordinary design practice for the calculation of prestressing of 12T12. .
The equation (4) 
This value should not be thought of as small, as the sum total of angle changes in each tendon for ordinary simple beams is usually less than 20 degrees. This means that if =0 in reality, the tendon stress distribution calculated by the commonly employed design that uses the assumption =0.004 would considerably deviate from reality.
THE METHOD USED IN STATISTICAL ANALYSIS (1) Prestressing management data
The data used here are the values provided by jacks at the both ends, P p 's at the prestressing applied end and P a 's at the anchor end of the tendons, where prestressing is introduced from one end only.
(2) Comparison coefficient
Here, the exponent value ( + L) is proposed and a comparison is made between the design values and the values observed at field construction sites. When * and * represent the real values of the friction coefficients, the comparison coefficient is expressed as .
(6) P p and P a are the observed values where P p is the value for the stressing side and P a is the value for the anchor side. is a coefficient of the prestressing loss in the anchorage zone of the force at the applied end. Using these variables, Equation (3) can be transformed into the following equation
Theabove is rewritten as
Then, the following equation is obtained by substituting the above into Equation (6).
(9) Equation (6) can be transformed into Equation (10) when 1 and 2 are taken as the ratio of * and * to design values and , respectively.
(10)
(3) Statistical analysis
The sum total angle change for each prestressing member is set as and length L. When =0.3 and =0.004, can be obtained from Equation (9). 1) First, is divided into classes according to /L value. Then, probability density curves for in each /L value bracket are obtained. This paper assumes a logarithmic normal distribution for the analysis. 2) When me is taken as the mean, max as the maximum and min as the minimum value of , then
Here, is the standard deviation in each /L value bracket.
3) me ( or max or min ) is plotted on the figure with on the vertical axis and Log( /L) on the horizontal axis. 4) and /L have the relationship represented by Equation (10). The values of 1 and 2 are calculated so as to minimize the total square value of the distance between the curve of Equation (10) and the plotted points. This is achieved by varying the values of 1 and 2.
THE RESULTS OF STATISTICAL ANALYSIS (1) Data sampling
Prestressing construction management data were collected from prestressing work sites: 28 bridges in 20 contracts represented by Japan Highway Public Corporation Nagoya Construction Bureau. The data sources are listed in Table 1 . Although the construction projects were carried out between 1985 and 1992, practice of prestressing work and duct specification have not been changed since that time.
(2) Anchorage and tendon
The anchorages used for the analysis were all Freyssinet anchorages, and the prestressing work was performed in accordance with the Construction Manual (of the corresponding year) 4) . All of the strand cable tendons were 12T12.4 type. Freyssinet method. In this system, the loss in prestress occurs at the anchorage zone. In this paper, is assumed to be 0.04 as in the Freyssinet Construction Manual 4) .
4) Selection of prestressing management data to be used for the analysis
It is very difficult to measure for each prestressing member at the construction sites. Therefore errors for arise because is assumed to be 0.04 for all cases. In order to minimize these errors, data for the analysis were selected using the following procedure. is typically tested by a Table 2 Frequency of system of tow jacks with a pair of anchor blocks facing each other. After cables are pushed/pulled through anchor blocks and anchored in wedges of jacks at both ends, only one jack is stressed. Then, is calculated by the Equation (14) transformed from Equation (13) and the two jack pressure values of the stressing side (P 1 ) and the anchor side (P 2 .).
This system contains two problems. First, cable stresses tend to be eccentric when the jack wedge effect for gripping PC cables is not always the same around the anchor block. A main cause of is the rubbing between anchor blocks and cables. The second problem is that this mechanism is not well represented in field prestressing work because the rubbing length is so short. For this analysis, P 1 and P 2 were measured while using the system shown in Figure 1 , which has a long distance created by the space holding structure between the two jacks. The probability density curve for normal distributions was assumed for the 84 observation data, and the mean value me and standard deviation were calculated and obtained as me =0.0487 and =0.005425, respectively. Then, the maximum value max and the minimum value min were estimated as max = me + 2 = 0.0596
Although the significance tests for the distribution assumption did not yield significant results, all the data fell between max and min . Therefore, the value range given by the two was wider than the observation data (0.039-0.0572). A histogram and a probability density curve for areshown in Figure 2 . 1) Actual values of for a pair of prestressing data P p and P a are assumed to be between max and min . m , a and b were estimated from Equation (9) under the assumption that the prestressing loss at the anchorage zone is (=0.04), min (=0.0379) and max (=0.0596), respectively.
2) Now i and ii , the error in due to deviating from 0.04,are introduced as
Then, the following equations are obtained when the values are set as =0.3, =0.004, =0.04, min =0.0379, max =0.0596,
.
3) Using these equations, it is discovered that if the error in is limited to less than 0.1( i 0.1 and ii 0.1), the following equation is obtained from Equation (20) 0.3 +0.004L 0.4,
then the error in due to can be decreased to less than 0.1. Although the number of eligible data for analysis will be reduced, if the cut-off value is set to greater than 0.4, the error in can be further decreased.
(5) Histogram of
A histogram by /L value bracket of obtained from Equation (9) for site data that satisfy Equation (21) ) 1 /( ) 1 ( (cut-off value=0.5) is shown in Figure 3 , and the frequency distribution is displayed in Table 2 . Figure 3 and Table 2 represent data for the case where the cut-off value=0.5 and there are more than 30 available data for each /L value bracket. In this paper, 11 cut-off values were selected between 0.4 and 0.5, using an increment step of 0.01.
(6) Probability density curves for each /L value bracket Figure 4 displays the probability density curves for the cases where more than 30 eligible data were obtained. 
(8) Values of 1 and 2 for different cut-off values
The change of 1 and 2 for varying cut-off values is shown in Figure 6 and Table 3 . The larger discrepancy being found in 2 for cut-off values 0.41 (Figure 7) and 0.42 (Figure 8) is mainly due to the following reason. The data for /L=0.021-0.022 bracket are used in the analysis when cut-off value=0.41 because the quantity is 30, while the data are discarded when the cut off value=0.42 because the quantity is less than 30.
(9) Kolmogorov-Smirnov Test
The data distribution percentile and the results of the Kolmogorov-Smirnov Test are shown in Table 4 . The cumulative fraction plot of the observed data is provided in Figure 9 along with the hypothetical cumulative fraction plot in the Kolmogorov-Smirnov Test for comparing the best fitting bracket ( /L 0.009-0.01), the worst fitting bracket ( /L=0.013-0.014) and the largest-data-quantity-bracket ( /L=0.016-0.017). The maximum difference (D) for the cumulative relative frequency of the observed data from that of the hypothesis and "the limit values for the test of goodness of fit (C)" for each significance level in Table 4 are obtained by Equations The significance tests (Kolmogorov-Smirnov Test) for the curves described in 4 (6) did not yield significant results for the brackets with more than 200 data or so, while they yielded significant results for brackets containing less than 200 data, except for a few cases. In the analysis, this paper employs the mean value of as a representative value, and uses max and min for reference only.
(10) The value of * in reality When the cut-off value is 0.5, the value of 2 is 0.028, while 2 is 1.0 when is 0.004 from the definition Fig. 9 Comparisons of Cumulative Fraction Plot with Cumulative Probability Curve described in 3 (2) . This suggests that is very small even though it is recognized. The values of 2 are also found to be smaller than 0.07 for the same cut-off value in the same table. Therefore, even when exists, the actual value of * should not be larger than *= 0.07 0.004 = 0.00028.
If the maximum tendon length is assumed to be 60 m in ordinary field practice with the tendon tensioned from one end, then estimated from becomes = 0.00028/0.3 60 = 0.056 radian (28) (= 3.2 degrees).
For this case, the rate of prestressing loss by * becomes 1.7%. Since this represents an extreme case, the friction coefficient per tendon length can be regarded as negligible.
(11) The value of * in reality Table 3 indicates the value of 1 is 0.896for me with a cut-off value of 0.5. This value is only slightly smaller than the 1 =1 calculated for the currently used value of =0.3. This indicates that the value of * in reality is close to the design value of . In actual construction, 1 varies due to friction coefficient fluctuation, although the fluctuation range of 1 can be assumed to stay between max and min . From Table 3 , the range of 1 for the cut-off value of 0.5is
This indicates that * takes on a value between * 0. 6 -0.1.
Here, it should be noted that * is an average value along the whole length of the tendon. The value of * cannot be realistically expected to be the same at all sections when there is more than one curved section. It even varies within a single curved section. Therefore, it is reasonably assumed that the friction coefficient may take on a much wider range of values locally.
CONCLUSION
In the past, this author reported 3) on the strength test of ducts, mortar leakage into ducts during concrete casting work, and the behavior of straight alignment ducts on a 75 m long bridge. In this previous report, it was proposed that the value of should be considered to be zero. This paper further explored this proposal by developing and performing statistical analyses and introducing new coefficients. The analyses supported this hypothesis and may contribute to a good foundation for supporting the discussion that the significance of should not be recognized in practical engineering works even if is claimed to exist. It is widely known that takes on a variety of values. This characteristic was also observed in this analysis. The data in Table 1 were collected at real construction sites under various conditions of weather, workman's skill and so forth no treatment or adjustment was made. It is considered significant that 0 is supported from data despite such difference of conditions without any adjustment to the test data. However, the data used in this paper were limited to strand cable 12T12.4 and steel ducts, so other types of tendons and ducts made of steel and other materials must be studied in the future.
Setting as zero does not only imply changing the value of , but it also stresses the issue of how to deal with , which is now the only determining factor in prestressing distribution design. When the issue of is addressed, it is not sufficient to simply assume a larger value of to avoid under prestressing, but the design should be performed with great care and deep understanding because over prestressing is as serious a problem as under prestressing.
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